Introduction
Periodontal disease manifests as chronic inflammation of the gum and can lead to loss of bone and connective tissue supporting the tooth, resulting in tooth loss. Tooth loss can be a consequence of other factors such as dental caries, injury or orthodontic treatment. However, periodontal disease is the leading cause for most cases of tooth loss in older populations. [1] [2] [3] [4] [5] Advanced periodontal disease also has wellestablished systemic inflammatory effects, extending beyond the oral cavity. 6 Furthermore, there is increasing evidence that periodontal disease is linked to chronic diseases, including cardiovascular disease, 7, 8 stroke, 9 diabetes 10 and cancer. [11] [12] [13] [14] Periodontal disease may impact cancer risk through systemic immune dysregulation, which is a hallmark feature of non-Hodgkin lymphoma (NHL). Severe immunosuppression, including inherited and acquired conditions, is the most wellestablished risk factor for NHL. Immune-modulating stimuli and exposures are also associated with NHL risk; 15, 16 however, whether subclinical immunosuppression plays an important role in lymphomagenesis has not been determined. As the pathoetiology of NHL involves lymphocyte proliferation and hyperactivation, 17 a role for chronic inflammation is also strongly suspected as a contributing factor. Indeed, autoimmune diseases resulting in inflammation and chronic antigenic stimulation, such as Sj€ ogren syndrome and systemic lupus erythematosus, have been consistently linked to increased NHL risk. [18] [19] [20] [21] In addition, recent studies, including our own preliminary analyses in the Health Professionals Follow-Up Study, have shown that elevated levels of specific cytokines and other inflammatory markers measured in prediagnostic serum predict future risk of NHL. 16, 17, [22] [23] [24] [25] In an earlier prospective cohort analysis within the Health Professionals Follow-Up Study (HPFS), we observed a 31% higher risk of non-Hodgkin lymphoma (NHL) among participants who reported having periodontal disease with bone loss at baseline. 26 Here, we extend the analysis with an additional 8 years of follow-up, and, for the first time, conduct analyses by major histological subtypes of NHL. NHL is a heterogeneous group of diseases, with over 50 recognized histologic subtypes 27 and, in the past decade, convincing evidence has emerged to support both commonality and heterogeneity in risk factor associations across subtypes. 20, 28 For example, some risk factors, such as inherited or acquired immunosuppression, are thought to be shared across all NHL, whereas others, such as certain viral or bacterial infections, are specific to certain subtypes. This new knowledge has led to the expectation, as recommended by the International Lymphoma Epidemiology Consortium (InterLymph), that all new epidemiologic studies of NHL include consideration of possible etiologic heterogeneity across common histologic subtypes. 29 Given that the pathogenesis of NHL remains largely unknown and well-established risk factors are few, it is difficult to hypothesize a priori which subtypes might be associated with periodontal disease. However, immune dysregulation and inflammation (e.g., uncontrolled B cell proliferation) are hallmark features of all NHL subtypes; therefore, it is plausible that risk factors associated with immunomodulation and/or inflammation (such as periodontal disease) could be associated with several or possibly all NHL subtypes. Identifying risk factors that are either common or specific to NHL subtypes in agnostic analyses has great potential to contribute insights to mechanisms of lymphomagenesis and etiology.
Methods

Study participants
The prospective HPFS was established among 51,529 men between ages 40 and 75 years who completed a selfadministered baseline questionnaire in 1986. Participants are followed via biennial mailed questionnaire which queries demographic factors, lifestyle habits such as smoking and physical activity, diet, medication use and medical history. From the baseline population, we excluded men who had a history of cancer (except for non-melanoma skin cancer) (n 5 1,989), had an unknown date of NHL diagnosis (n 5 14), were missing data on periodontal disease or tooth loss (n 5 1,433), were missing data on smoking history (n 5 1,894) or were ineligible or requested to be withdrawn from the study (n 5 64), which left a total of 46,147 men in the analytic cohort. Vital status was identified from the National Death Index, report from next-of-kin or the post office (i.e., when a questionnaire mailed to a deceased participant was returned). The follow-up rate for the HPFS cohort is >96%.
Our study was approved by the Human Subjects Committee of the Harvard T.H. Chan School of Public Health. Informed consent was implied by return of the baseline questionnaire.
Case ascertainment
Incident NHL diagnoses were self-reported on biennial follow-up questionnaires and confirmed by review of medical records and pathology reports (98%), death certificates or self-confirmed by the participant. Cases were defined according to the International Classification of Diseases, Eighth Revision (ICD-8) codes, 200, 202 and 204.1. Major histologic subtypes of NHL were determined according to the World Health Organization (WHO) classification of lymphomas 27 based on morphology and immunophenotype information available in medical records and the pathology report and consistent with recent InterLymph. 30, 31 For diagnoses of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) and follicular lymphoma (FL), immunophenotype information was not required for tissue diagnoses as it was considered that morphology alone can reliably diagnose these histology subtypes. 27 We confirmed 875 incident NHL diagnoses between 1986 and 2012, including 290 cases of CLL/ SLL, 85 cases of diffuse large B-cell lymphoma (DLBCL) and 91 cases of FL. Other B cell and T cell subtypes were reported, but these were too few for meaningful analysis.
Exposure assessment
At baseline, participants of the HPFS were asked whether they had a history of periodontal disease with bone loss. Selfreported periodontal disease was validated among 140 dentists 32 and 212 non-dentists 33 in the HPFS through a review of dental radiographs from individuals with and without a self-reported history of periodontal disease, with high positive and negative predictive values (0.76 and 0.69, respectively). In addition, participants updated their periodontal disease status on each biennial questionnaire during follow-up. Participants also reported number of natural teeth at baseline. Self-reported number of teeth was highly correlated with the
What's new?
Periodontal disease is a chronic inflammatory condition that has been associated with several chronic diseases, including cancer. In this large, prospective study, the authors found that a history of periodontal disease was associated with as much as a 30% increase in non-Hodgkin lymphoma (NHL). The mechanism for this association, including whether periodontal disease is a direct cause of NHL, or is simply a marker of underlying systemic inflammation and/or immune dysregulation, warrants further investigation.
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actual number of teeth on clinical assessment in a general population (r 5 0.97). 34 
Assessment of covariates
Geographic region at cohort entry is known based on mailing addresses. Participants reported their age, race, weight, height, smoking history, alcohol consumption, diabetes history and whether they regularly used non-steroidal anti-inflammatory drugs (NSAIDs) (e.g., acetaminophen, aspirin or ibuprofen) on baseline questionnaires. We calculated body mass index (BMI) from weight and height (i.e., kg/m 2 ) as a measure of adiposity. Subsequent questionnaires also queried smoking and diabetes diagnoses; these variables were treated as time-varying in analyses.
Statistical analysis
Person-time accrued for each participant from January 1986 (i.e., the mailing date of the 1986 questionnaire) to the earliest among dates of NHL diagnosis, death, or January 2012 (end of follow-up). The total accrued person-time was 1,013,168 person-years (mean follow-up per person 5 22 years). We calculated hazard ratios and 95% confidence intervals using multivariable Cox proportional hazards regression models, stratifying jointly by calendar year of the current questionnaire cycle and age in years (i.e., the time scale), for risk of NHL associated with periodontal disease status at baseline and updated throughout follow-up, to represent chronic and more recent periodontal disease development, respectively. Once a participant reported having periodontal disease, follow-up status was always periodontal disease (given it is a chronic condition that does not resolve). All multivariable models were adjusted for potential confounders and putative risk factors for NHL including race (White, nonWhite), BMI (<23, 232 <25, 252 <27, 272 <30 and 301 kg/m 2 ) at baseline, current smoking status (never, past, current), geographic region (West, Midwest, South, Northeast and Pacific/unknown), current history of diabetes (yes, no), NSAID use at baseline and tooth loss at baseline (25-32, 17-24 and 0-16 natural teeth remaining). Tooth loss at baseline was included in multivariable models as a proxy for unmeasured potential confounders such as socioeconomic status and access to dental care. To account for missing values for BMI, we included a missing indicator category. Alcohol consumption was not found to be an important confounder in these analyses and therefore was not retained in final models. Separate models were fit for all NHL and its most common histologic subtypes: CLL/SLL, DLBCL and FL. We used a contrast test, which followed an approximate v 2 distribution, to test whether associations of periodontal disease with major NHL histologic subtypes (i.e., CLL/SLL, DLBCL and FL) differed significantly. 35, 36 For NHL overall, we also conducted an analysis with follow-up starting in 2004 [as a direct comparison to our earlier report
Results
At baseline in 1986, men with a history of periodontal disease were older than men with no history of periodontal disease (mean ages 58.3 and 53.7 years, respectively) and men with a history of periodontal disease were more likely to have fewer than 25 natural teeth remaining (29%) compared to those with no history of periodontal disease (14%). Men with a history of periodontal disease were also much more likely to be current or past smokers (80%) than those with no periodontal disease (50%). Alcohol intake was slightly higher among men with a history of periodontal disease compared to those with no history of periodontal disease. A slightly higher percent of men with periodontal disease lived in the Northeast compared to those without periodontal disease. Diabetes was relatively rare in both groups (5%) while characteristics such as race and BMI did not differ by periodontal disease status (Table 1) .
In multivariable analyses adjusting for age, tooth loss and other potential confounders, men with a history of periodontal disease with bone loss at baseline had a 26% higher risk of being diagnosed with NHL compared to those with no reported history of periodontal disease (HR: 1.26; 95% CI: 1.06, 1.49). Positive associations were noted for both CLL/ SLL (HR: 1.41; 95% CI: 1.04, 1.90) and DLBCL (HR: 1.35; 95% CI: 0.77, 2.37), while there was no apparent association with FL. Similar trends were observed in analyses incorporating updated periodontal disease status (Table 2 ). There was no evidence of heterogeneity in associations by histologic subtype of NHL (p-heterogeneity: 0.19 for baseline periodontal disease status and 0.44 for updated periodontal disease status).
In analyses of the cross-classified exposure variables, the increase in risk of NHL associated with periodontal disease was observed only among those with fewer missing teeth (at least 25 remaining teeth, HR: 1.25; 95% CI: 1.02, 1.52); those with periodontal disease and more missing teeth (24 or fewer remaining teeth) did not have a higher risk of NHL (HR: 0.98; 95% CI: 0.74, 1.30). Results were somewhat stronger when we considered follow-up beginning in 2004: for history of periodontal disease at baseline, the multivariable-adjusted HR was 1.42 (95% CI: 1.04, 1.94) and for updated periodontal disease status, the multivariable-adjusted HR was 1.57 (95% CI: 1.20, 2.04); the corresponding HRs for men with fewer missing teeth (at least 25 remaining teeth were 1.51 (95% CI: 1.07, 2.13) and 1.77 (95% CI: 1.33, 2.34).
In contrast to positive associations observed for periodontal disease, tooth loss was inversely associated with NHL after adjusting for periodontal disease status: compared to the reference group of men with 25-32 teeth remaining, the HRs were 0.75 for 17-24 teeth (95% CI: 0.60, 0.94) and 0.80 for 0-16 teeth (95% CI: 0.59, 1.09). Inverse associations of tooth loss with CLL/SLL were also noted, while no clear patterns were observed for either DLBLC or FL; however, the subtype analyses may have been limited by small case counts (Table 2) .
It should be highlighted that estimates were essentially unchanged in models that adjusted for age and tooth loss only (data not shown), suggesting little evidence of confounding by other covariates. In addition, results were very similar in sensitivity analyses excluding men with a history of rheumatoid arthritis (HR: 1.23; 95% CI: 1.03, 1.47) and in multivariable models that did not adjust for baseline tooth loss (HR: 1.20; 95% CI: 1.01, 1.42). However, in stratified analyses, associations of periodontal disease with NHL were stronger among past (HR: 1.31; 95% CI: 1.05, 1.63) and current smokers (HR: 2.59; 95% CI: 1.05, 6.35) than among never smokers (HR: 1.16; 95% CI: 0.83, 1.61). The association was also stronger for older men age 65 years and Whites, but statistical power was limited for both younger men and nonWhites. Finally, there was no evidence of effect modification by BMI (Table 3) .
Discussion
In this large, prospective study of male health professionals, we observed positive associations between periodontal disease and future development of NHL, with hazard ratios ranging from 1.26 to 1.30 for NHL overall. We also noted a stronger positive association for CLL/SLL, a weaker positive association with DLBCL, and no association for FL. While we found no evidence of statistically significant heterogeneity in effects across the three subtypes we evaluated separately, these results should be interpreted with caution due to limited statistical power in subtype analyses. In contrast, tooth loss was inversely associated with NHL among those who did not have a history of periodontal disease.
In a recent prospective study of 1,337 postmenopausal women, compared to those without periodontal disease, severe periodontal disease -assessed objectively by measuring oral alveolar crestal height on oral radiographs -was associated with a two-fold higher risk of hematological cancers, including leukemia, Hodgkin lymphoma, NHL and multiple myeloma (HR: 2.09; 95% CI: 0.68, 6.47). However, analyses of specific hematological cancers, including distinct NHL subtypes, were not possible given that only 24 cases were identified (including 11 exposed cases). 37 No association between periodontitis and hematological cancers was observed in a nationwide study in Taiwan. 38 In a Swedish registry-based case-control study, gingivitis and periodontitis was found to be associated with increased risk of lymphoplasmacytic lymphoma/Waldenstr€ om macroglobulinemia (odds ratio: 1.9; 95% CI: 1.3, 2.7), 39 a rarer subtype of NHL. 40 With the exception of our earlier report in the HPFS, 26 to date, no other epidemiologic studies have published associations of periodontal disease and NHL overall or by histologic subtypes.
While these associations need to be confirmed in other prospective studies, there is strong biological plausibility for our findings of positive associations between periodontal disease and NHL risk. Severe immune deficiency is well established to increase the risk of NHL. 27 Accumulating evidence shows that not only severe immune deficiency but also conditions that trigger chronic immune stimulation, such as autoimmune diseases and certain infections have etiologic roles in NHL. 15, 18, 41, 42 Therefore, periodontal disease could influence future NHL risk through pathways involving immune system dysregulation 43 or chronic systemic inflammation. 44 Oral pathogens, such as P. gingivalis, could also have direct or indirect roles in lymphomagenesis. 44, 45 Alternatively, periodontal disease could be a marker of host factors associated with poor control of the immune response to infections (e.g., subclinical immunosuppression), 6 increasing susceptibility to both periodontal disease and NHL. In contrast to our findings of a positive association between periodontal disease and NHL, we found that tooth loss was inversely associated with NHL among those without periodontal disease. One possible explanation for this finding is that loss of teeth could lead to resolution of local oral inflammation, which could impact both the oral microbiome and the immune response. For example, individuals who have lost teeth earlier in life may not have been exposed to periodontal infection later in life. 9 However, among 243 disease-free HPFS participants, we noted that those with more missing teeth had higher levels of C-reactive protein (CRP), a biomarker of systemic inflammation, than those without tooth loss (p 5 0.04; unpublished data), suggesting that factors besides CRP may be important in associations of tooth loss with NHL risk. Another explanation is that causes of tooth loss other than periodontal disease may lead to a decreased risk of NHL. Alternatively, this could be a chance finding. The inverse association we observed for tooth loss likely explains the lack of a positive association of periodontal disease with NHL among those with tooth loss, as the associations for periodontal disease history and tooth loss are in opposite directions. Further research is warranted to reconcile these findings. Several limitations of our analysis should be noted. First, periodontal disease was self-reported and while we have demonstrated the validity of our exposure assessment in prior studies, 32, 33 exposure misclassification is possible. Given the prospective study design, any misclassification of exposure would be expected to be non-differential with respect to NHL diagnosis; therefore, observed associations may be attenuated. Second, we lacked data on causes of tooth loss, timing of tooth loss (e.g., childhood or adulthood) and treatment received for periodontal disease and were unable to evaluate possible effects of these factors. Third, while we were able to evaluate the most common NHL subtypes in our cohort, due to small numbers, we had limited ability to examine less common subtypes. Also, information on organ site of NHL is not routinely collected in the HPFS; therefore, we could not evaluate whether the association with periodontal disease is stronger for oral lymphomas. However, lymphomas of the oral cavity are very rare, representing <1% of NHLs. 46 Finally, no exclusions were made for HIV status, other viral or bacterial infections, or organ transplantation, endpoints that have not been formally assessed in follow-up. These factors could be related to both periodontal disease and NHL risk; however, the prevalence of these conditions is expected to be rare and therefore any bias due to confounding by these factors is likely to be minimal.
Our study also has a number of important strengths, including its prospective design and long-term follow-up. The long lag (up to 26 years) between reported periodontal disease and most diagnoses of NHL suggests that periodontal disease is not likely a consequence of the cancer. With comprehensive individual-level information on demographics, lifestyle factors and medical history throughout follow-up, we were also able to finely control for possible confounders, such as smoking and diabetes. Finally, our case population of 875 NHL diagnoses allowed us to evaluate, for the first time, associations with common NHL subtypes.
In conclusion, our findings suggest that periodontal disease may represent a novel risk factor for NHL. Further research is needed to determine whether periodontal disease is a direct or indirect cause of NHL, or is a marker of underlying systemic inflammation or immune dysregulation, and also to identify mechanisms for the apparent reduced risk after tooth loss.
